Ceramic materials have excellent corrosion, wear, and heat resistant properties etc. However, due to their brittleness, it is essential for all ceramic products to be checked during the manufacturing process in order to maintain safely. Therefore, it is important that detecting cracks, which exist on the surface or inside the ceramic materials, by means of an accurate and speedy non-destructive evaluation (NDE) technique. Moreover, if the crack can be evaluated quantitatively, it is identified whether the crack is permissible or not. However, the NDE technique that is capable of quantitatively evaluating cracks for the ceramic materials has not been found yet.
Introduction
Ceramic materials have excellent resistance to corrosion, wear, and heat etc. Due to their brittleness, it is said that ceramics have limited the extension of application areas. 1) Therefore, ceramic materials are required to be reliable and safe, and it is important that a sensitive and an accurate NDE technique can be used to detect cracks on the surface or inside the ceramics.
At present, main NDE techniques for surface cracks in ceramics can be Penetrant Testing (PT), Ultrasonic Testing (UT) and Magnetic Particle Testing (MT).
2)
The PT with fluorescent penetrant or dye penetrant can detect defects, however cannot give quantitative data. The MT can be able to evaluate the crack length, however cannot evaluate the crack depth. In case of the UT, it is difficult to detect closed defects such as a natural crack. There are other techniques such as X-ray radiography, acoustic emission etc. However, these techniques are very costly, and a long inspection time is required. Generally, NDT techniques are required to provide results that are independent of the engineers' skill, sufficiently accurate in detecting defects, capable of rapid inspection, widely adaptable, and possible to perform at low-cost etc. However, it is still questionable whether the inspection techniques now used fully satisfy these demands.
The HFT technique can detect cracks quickly and quantitatively evaluate cracks by measuring the high-frequency electromagnetic wave signal of the ceramic materials. The electromagnetic waves provide the HFT technique with the capabilities of non-contacting and rapid inspection. It has been verified that this technique is also effective in quantitative evaluation of the closed cracks on the surfaces of paramagnetic and ferromagnetic materials such as stainless and carbon steels, respectively. 3) In principle, the HFT technique has great potential for the quantitative evaluation of the cracks in the ceramics, because the electromagnetic wave signal with frequency higher than 1 GHz can penetrate easily through ceramic materials even though ceramic materials are nonconductive materials. The technique has many other advantages, for example, a simple probe shape, making it low cost, and unskilled operation etc.
Urabe et al. have studied a technique for monitoring the forming process for resins and resin composites using the signal characteristics of high frequency transmission lines. The signal characteristics depended on the shape of the conductive materials and the dielectric properties of the media between them. 4) This paper reports on the use of high-frequency electromagnetic wave in a new NDE technique with the capability of quantitatively evaluating the cracks on the ceramic surfaces. In particular, an alumina, which is used as a mechanical and electrical material, is targeted. An artificial crack and a naturally closed crack on the surface of the alumina 5) are evaluated.
The Principle of the HFT Technique
The transmission line, which is located horizontally a few millimeters away from the surface of the specimen, gives a high-frequency electromagnetic wave as shown in Fig. 1(a) . In this case, some high-frequency electromagnetic wave from transmission line permeates and other reflects in the surface of the specimen, which is the interface between air and * Graduate Student, Tohoku University ceramics. The reflection properties of the electromagnetic wave depend on dielectric constant and resistibility of the ceramic specimen. On the other hand, in the case of the specimen with a crack as shown in Fig. 1(b) , high-frequency electromagnetic wave remarkably reflects in the interface between the crack and the specimen. The reflection properties are influenced by dielectric constant and resistibility of the crack, which consists of air. Therefore, the reflection properties vary and differ from the case of Fig. 1(a) . The variation of the reflection properties can indicate the existence of the crack. Moreover, if the changes in the level of the reflection properties are measured, there is a possibility of quantitatively evaluating the crack depth. In the case of a closed crack, it is considered to be an air area even though it is very narrow. Accordingly the closed crack also causes the variation of the reflection properties. Figure 2 shows the probe used in this experiment. The probe has a transmission line made of a copper foil, 1 mm Â 30 mm Â 35 mm in size, which is placed above the specimen. The foil is connected to the inner conductor of a coaxial cable by a another piece of copper foil, 1 mm Â 8 mm Â 35 mm in size, and the cable is connected to a power supply. A highfrequency current is passed through the probe employing the resonance phenomenon required to satisfy eq. (1).
Experimental Procedure

The probe geometry and resonance frequency
where is the wavelength, c is the velocity of light, f is the resonance frequency, and is the wavelength shortening index. If the probe length is equal to half the wavelength as defined in eq. (2), then the probe has a stable high-frequency signal.
According to eqs. (1) and (2), the calculated probe length was fixed 30 mm. In this calculation, c ¼ 3:0 Â 10 8 m/s, f ¼ 5:0 GHz, and ¼ 1 were used. In practice, the resonance frequency must be measured for each experiment due to variations.
Measured electromagnetic wave signals and set up
for measurements The measured electromagnetic wave signal is the ratio of the amplitudes of the reflected and incident waves, defined by eq. (3).
The amplitude ratio:
where V Lr and V Li are the amplitudes of the reflected and incident waves, respectively. 6) The amplitude ratio represents the reflection properties. Therefore, the amplitude ratio is affected by the existence of a crack. Evaluation of the variation of the amplitude ratio can make it possible to detect the crack. The amplitude ratio can be acquired by means of a commercially available network analyzer (Hewlett-Packard 8753D). The network analyzer gives a preset user specified alternating current signal within the frequency range between 30 kHz-6 GHz.
The general system, as shown in Fig. 3 , consists of a network analyzer, a computer, a driver box, a probe and an X-Y-Z table. The probe is connected to the network analyzer by a 50 coaxial cable. The output electric power of the network analyzer is 0.224 dBm. The probe is automatically moved by the X-Y-Z table, and it is controlled by the computer which is used to save the data from network analyzer. The probe is lifted a few millimeters away from the surface of the specimen, which we call as liftoff. This enables the HFT technique to inspect the object without making contact. The X-Y-Z table keeps the liftoff constant during scanning a specimen.
Artificially cracked specimens
As shown in Fig. 4 , the alumina specimen with a diameter of 157 mm and thickness of 8.5 mm has a crack across the diameter, which is made by grinding. Each of the four specimens has a different crack depth, 0 mm, 1 mm, 3 mm and 5 mm. The width of all the cracks is 0.5 mm. Connector µ m Fig. 2 The probe geometry.
Numerical analysis conditions
The multipurpose analysis program for electromagnetic waves, MAGNA/TDM, was employed for numerical analysis of the current density and the distribution of the electric field. The fundamental theory is the Finite Difference Time Domain method (FDTD method).
7) The FDTD method divides the space of interest into cubic cells and directly calculates the electric and magnetic fields of the cells by using the Maxwell equations of electromagnetic fields, where the derivatives with respect to time and space replaced by numerical difference.
Naturally cracked specimen
In this experiment, also alumina was used. Figure 5 (a) shows the size and shape of the specimen containing a closed crack that is at the edge of the specimen. Figure 5 (b) shows a photograph of the naturally cracked specimen. The naturally closed crack is a defect, which occurs accidentally in the manufacturing process. The width of crack was less than 0.1 mm from the evaluation by laser microscope. The size of the crack was measured by a destructive test after the experiment. From the observation of the cross section, the crack was approximately 20 mm in length and 8 mm in depth.
Results and Discussion
Detection of artificial cracks in ceramics by the HFT technique
The relationship between the variation of the amplitude ratio and the crack depth was investigated for three specimens with different artificial crack depths. These specimens were compared with a specimen without crack.
In this experiment, the probe was placed parallel to the crack rather than perpendicular, because it had been determined in advance that this became more sensitive. There is a crack on the point Y ¼ 0. The probe was moved from Y ¼ À20 to 20 in 1 mm intervals. In this case, the liftoff was set to 3 mm and the resonance frequency was fixed at 4.56 GHz. The liftoff and the resonance frequency had also been determined in advance. A photograph of the probe and the specimen is shown in Fig. 6 . Figure 7 shows the results obtained by scanning in the Y direction at X ¼ 0. As can be seen in Fig. 7 , the amplitude ratio decreases at Y ¼ 0 for crack depths of 1 mm, 3 mm and 5 mm. Y ¼ 0 is the point at which the crack exists. Except for the specimen without a crack, the amplitude ratio becomes smaller with increasing depth. The amplitude ratios of all the specimens undulate. This is explained by the variation in phase due to noise around the instruments and the shape of the specimen, which is circle. The surface of the specimen was polished to a mirror finish and the averaged surface roughness, Ra, is approximately 0.3 mm. For that reason, it does not seem that the roughness of the specimen affects the amplitude ratios. On the each variation of the specimens in Fig. 7 , the amplitude ratio, which shows the least value, is defined as a minimum amplitude ratio A m . The relationship between the minimum amplitude ratio A m and the crack depth is shown in Fig. 8 . As a result, it can be seen to be linear. The area of the air increases under the probe when a crack depth increases. Accordingly, it is supposed that the electromagnetic wave from the probe permeate more easily. Therefore, the reflection wave decreases probably. As a result of the decrease of the reflection wave, the amplitude ratio can decrease. More detailed examination needs to explain reason of the linear relationship. However, this trend proves the possibility of using the HFT technique for quantitatively evaluating surface cracks in ceramics.
However, in the case of the specimen without a crack, i.e. 0 mm depth, the relationship between the minimum amplitude ratio and the crack depth is not linear, and the peak is shifted to the left. It is thought that the difference in specimens with and without artificial cracks affects the peak shifts.
Numerical analysis of the HFT technique
The HFT technique can detect surface cracks by variation of the high-frequency current that flows in the probe placed above the specimen. The high-frequency current that flows in the probe, which is a transmission line, is affected by the shape and properties of the transmission line and the specimen. In the previous section, the relationship between the amplitude ratio and the crack depth was determined to be linear, and it was also determined that there were differences between the signal transmission characteristics of specimens with and without artificial cracks. The issues need to solve are to determine the factors, which affect the variation in the amplitude ratio and the sensitivity of this variation to these factors.
Numerical analysis was applied to solve this issue, because using an experimental approach requires huge amount of time and energy. Evaluation based on measured data requires a database or a master curve obtained by measuring various cracks. Numerical analysis is useful from this point of view. Figure 9 shows the model for the analysis. The size and shape are the same as the specimen with a 3 mm deep crack. The empty space of the crack is defined as air. The electrical properties used for the material, air and the transmission line, and the analysis conditions are shown in Tables 1 and 2 , respectively. Table 1 lists the extracted parameters and assumed parameters.
The result of the analysis is shown in Fig. 10 . From  Figs. 10(a) and (b) , it is shown that the existence of a crack can change the intensity and the direction of the electric field. Figures 10(b) and (c) indicate that a probe, which is shifted from the crack, is more sensitive than the case of just above the crack. These changes in the electric field can be explained by the different dielectric constants. It is supposed that the impedance of the local area under the probe decrease, if the area of air exists. The reason can be the different dielectric constants. The dielectric constants of air and alumina are 1 and 9.8, respectively. Therefore, high-frequency electromagnetic wave can permeate more easily. Figure 11 shows the relationships between the maximum current density in the transmission line and the crack depth, The minimum amplitude ratio, Am/dB
Crack depth, d/mm Fig. 8 The relationship between the minimum amplitude ratio and the crack depth.
which was obtained from numerical analysis, and the minimum amplitude ratio and the crack depth, which was obtained from experiment. The results between numerical analysis and experiment indicate one-to-one correspondence. Therefore, it can be possible to quantitatively evaluate the crack depth by virtue of measuring the amplitude ratio by the HFT technique.
Detection of a naturally closed crack by the HFT technique
The possibility of quantitatively evaluating a crack in the surface of a ceramic was indicated by using the HFT technique. However, due to the brittleness of ceramics, the NDE techniques for the ceramics need sufficiently high performance to detect a small and narrow crack such as closed crack formed in the production process. In this section, the HFT measurements were performed to identify the possibility of detecting naturally closed cracks in the surface of the alumina.
The differences between the experimental conditions for specimens with artificial and naturally closed cracks were the position of the probe, the frequency used for measurement, and the liftoff. Half of the probe is placed above the specimen as shown in Fig. 12 . Because, the probe is more sensitive, when the maximum point of the current is located above the crack. The frequency was changed in the range from 1 GHz to 5.5 GHz. The measured parameters are the minimum amplitude ratio and the frequency corresponding to the minimum amplitude ratio. A photograph of the probe and the specimen is shown in Fig. 13 . Figure 14 shows the result of inspection for the closed crack. The amplitude ratio at Y ¼ 0, where is just above the crack, decreases. And this trend was similar to results of the artificial cracks. It is supposed that the existence of the crack affects the decrease of the reflected wave. Therefore, it can be possible to quantitatively evaluate the naturally closed crack by the change in amplitude ratio. Step of calculation 1000 Minimum amplitude ratio, Am/dB Fig. 11 Comparison between the crack depth dependences of the calculated maximum current density and the experimental minimum amplitude. 
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Conclusions
The authors have proposed a new nondestructive evaluation technique for detecting crack on the surface of ceramics by using high frequency electromagnetic wave, namely highfrequency transmission (HFT) technique. Following conclusions can be drawn based on the investigation:
(1) As a result of the detection of the artificial cracks, whose width is 0.5 mm and depth is 1 mm, the variation of the amplitude ratio was obtained. The variation was approximately 18 dB. The possibility of quantitatively evaluating cracks has been shown by demonstrating that a linear relationship exists between the amplitude ratio obtained from the HFT measurements and the crack depth. Therefore, the HFT technique has high potential to evaluate crack depth quantitatively. (2) From the results of numerical analysis, it was observed that the existence of a crack could change the intensity and the direction of the electric field. And the maximum current density that obtained by numerical analysis and the minimum amplitude ratio that obtained by experiments indicate one-to-one correspondence. As a result, it is clear that relationship between the electromagnetic wave signal and the crack depth. (3) A naturally closed crack in ceramic materials can be also detected nondestructively by means of HFT technique. 
